[1] Multichannel seismic reflection data collected in July 2002 at the Endeavour Segment, Juan de Fuca Ridge, show a midcrustal reflector underlying all of the known high-temperature hydrothermal vent fields in this area. On the basis of the character and geometry of this reflection, its similarity to events at other spreading centers, and its polarity, we identify this as a reflection from one or more crustal magma bodies rather than from a hydrothermal cracking front interface. The Endeavour magma chamber reflector is found under the central, topographically shallow section of the segment at two-way traveltime (TWTT) values of 0.9-1.4 s ($2.1-3.3 km) below the seafloor. It extends approximately 24 km along axis and is shallowest beneath the center of the segment and deepens toward the segment ends. On cross-axis lines the axial magma chamber (AMC) reflector is only 0.4-1.2 km wide and appears to dip 8-36°to the east. While a magma chamber underlies all known Endeavour high-temperature hydrothermal vent fields, AMC depth is not a dominant factor in determining vent fluid properties. The stacked and migrated seismic lines also show a strong layer 2a event at TWTT values of 0.30 ± 0.09 s (380 ± 120 m) below the seafloor on the along-axis line and 0.38 ± 0.09 s (500 ± 110 m) on the cross-axis lines. A weak Moho reflection is observed in a few locations at TWTT values of 1.9-2.4 s below the seafloor. By projecting hypocenters of well-located microseismicity in this region onto the seismic sections, we find that most axial earthquakes are concentrated just above the magma chamber and distributed diffusely within this zone, indicating thermal-related cracking. The presence of a partially molten crustal magma chamber argues against prior hypotheses that hydrothermal heat extraction at this intermediate spreading ridge is primarily driven by propagation of a cracking front down into a frozen magma chamber and indicates that magmatic heat plays a significant role in the hydrothermal system. Morphological and hydrothermal differences between the intermediate spreading Endeavour and fast spreading ridges are attributable to the greater depth of the Endeavour AMC and the corresponding possibility of axial faulting.
Introduction
[2] Morphological and hydrothermal differences between fast spreading and slow spreading mid-ocean ridge systems have led to the hypothesis that these systems have fundamentally different mechanisms of heat extraction and hydrothermal circulation [Lister, 1974 [Lister, , 1980a [Lister, , 1980b [Lister, , 1982 Fornari and Embley, 1995; Wilcock and Delaney, 1996] . The permeability structure of the crust and subsequent hydrothermal venting at fast spreading ridges is thought to be controlled by diking events from a steady state axial magma chamber (Figure 1a ). This results in small, relatively short-lived hydrothermal vents whose heat flux increases following magmatic eruptions, as observed at the fast spreading East Pacific Rise (EPR) [Haymon et al., 1991 [Haymon et al., , 1993 Baker et al., 2002] . In contrast, control of the permeability structure of crust at slow spreading ridges has been attributed to extension-driven faulting and downward propagation of a cracking front into the lower crust where either no magma chamber is present or small, deep, pockets of melt occur (Figure 1b) . This can lead to long-lived hydrothermal systems and massive sulfide deposits whose activity does not seem to be consistently correlated with recent volcanism, exemplified by the TAG hydrothermal system on the slow spreading Mid-Atlantic Ridge (MAR) [Wilcock and Delaney, 1996; White et al., 1998 ].
[3] The Juan de Fuca Ridge (5.6 -5.7 cm/yr full spreading rate [Wilson, 1993; DeMets et al., 1994] ) is often taken as the type example of intermediate spreading rate mid-ocean ridges (4 -9 cm/yr full spreading rate). Previous studies of the morphology and hydrothermal vent structures of the Juan de Fuca Ridge (Figure 2 ) led to the hypothesis that the Endeavour Segment was an example of the slow spreading ridge style of heat extraction, controlled by the downward propagation of a cracking front into a frozen magma chamber [Wilcock and Delaney, 1996; Kelley et al., 2002] . The Endeavour Segment has a $150 m deep axial valley with numerous faults and fissures and there is no evidence of recent eruptions (although preliminary U series dating of recently collected lavas indicates ages of several thousand years (J. Gill, personal communication, 2005) ). This suggested that Endeavour is currently in an extension-dominated tectonic regime rather than a magmatic regime Kappel and Ryan, 1986; Tivey and Delaney, 1986] . The large size, regular spacing, and location of known Endeavour high-temperature vent fields along visible faults and fissures in the axial valley floor suggested a long-term pattern of stable subsurface hydrothermal circulation consistent with a cracking front model of heat extraction [Tivey and Delaney, 1986; Delaney et al., 1992; Robigou et al., 1993; Lilley et al., 1995; Wilcock and Delaney, 1996; Delaney et al., 1997; Yoerger et al., 2000; Kelley et al., 2001 Kelley et al., , 2002 Kelley et al., , 2003 ]. In addition, the large heat fluxes recorded at the Endeavour hydrothermal vent fields were thought to be high enough to freeze a magma chamber with a thin conductive lid [Lister, 1974 [Lister, , 1980a [Lister, , 1980b [Lister, , 1982 Wilcock and Delaney, 1996] .
[4] Evidence from petrology and seismology was also interpreted as supporting the cracking front model at Endeavour. Lavas collected from the Endeavour axial valley have enriched and transitional mid-ocean ridge basalt (EMORB and TMORB) signatures and a high degree of heterogeneity over short-length scales which suggests a low degree of melting in a clinopyroxene-rich source [Karsten et al., 1990; Sours-Page et al., 1999] . Levels of seismicity on the Endeavour Segment [Wilcock et al., 2002] were much higher than observed at the EPR [Sohn et al., 1998 [Sohn et al., , 1999 in similar ocean bottom seismometer experiments conducted in 1995. At the EPR axial seismicity is confined to the uppermost 1 km of crust [Sohn et al., 1998 [Sohn et al., , 1999 while at Endeavour seismicity in the axial region occurs in a depth range of 1.5 -3.5 km [Wilcock et al., 2002] . The predominant focal mechanism for both EPR and Endeavour microearthquakes implies a thermal cracking source; however, the EPR hypocenters are located at least 300 m above the axial magma chamber (AMC) reflection imaged by Kent et al. [1993a] while the Endeavour hypocenters were thought to extend to depths greater than the apparent depth of the one possible AMC reflection imaged prior to this work [Rohr et al., 1988] . Finally, the SEISRIDG-85 seismic refraction survey [Cudrak et al., 1987; Cudrak, 1988; White and Clowes, 1990; Cudrak and Clowes, 1993] failed to find major low-velocity anomalies under the Endeavour axial high, as would be expected for an active magmatic system.
[5] Here we present data from a July 2002 multichannel seismic reflection survey of the Juan de Fuca Ridge on the R/V Maurice Ewing [Carbotte et al., 2006] which shows that all of the major Endeavour Segment hydrothermal vent fields are underlain by a crustal magma chamber at a depth Hydrothermal vents are relatively short-lived and major faults are absent in the axial region [Wilcock and Delaney, 1996] . (b) Slow spreading ridges, in contrast, may have circulation controlled by faulting and heat mining through propagation of a cracking front into a frozen magma chamber. Hydrothermal systems can be long-lived and are often localized along major faults [Wilcock and Delaney, 1996] . (c) Intermediate spreading ridges appear to include elements of both faster spreading ridges (a midcrustal magma body) and slower spreading ridges (long-lived, fault-controlled hydrothermal systems). Faulting along the margins of the neovolcanic zone may be controlled by episodic dike intrusion as opposed to lithospheric extension as at slow spreading ridges [Carbotte et al., 2006] . of $2.1 -3.3 km below the seafloor. Earthquake hypocenters in the axial region occur just above this magma body. We therefore conclude that the heat extraction mechanism at intermediate spreading systems such as the Endeavour Segment requires a model distinct from that of both fast and slow spreading ridges. One proposed intermediate heat extraction model (Figure 1c ) features a magmatic heat source with hydrothermal circulation pathways determined by dike-controlled faulting along the margins of the neovolcanic zone [Carbotte et al., 2006] . The magmatic hydrothermal system at intermediate spreading ridges thus appears to include elements of both faster spreading ridges (a midcrustal magma body) and slower spreading ridges (long-lived, fault-controlled hydrothermal systems).
Overview of the Endeavour Segment

Morphology and Geology
[6] The Juan de Fuca Ridge (Figure 2 ) is the spreading boundary between the Pacific and Juan de Fuca plates. The $90-km long Endeavour Segment is located between the Endeavour and Cobb overlapping spreading centers on the northern Juan de Fuca Ridge. The central portion of the Endeavour Segment out to crustal ages of $500,000 years ( Figure 3 ) is dominated by a series of ridge-parallel (orientation N20E) abyssal hills spaced $6 km ($200,000 years) apart with intervening extensional basins. This ridge-basin pattern is superimposed on a broader (30 -40 km wide) cross-axis swell of young oceanic crust [Kappel and Ryan, 1986; Holmes and Johnson, 1993] . The abyssal hills are asymmetric with outer constructional volcanic surfaces and inner steep faulted faces [Kappel and Ryan, 1986; Tivey and Johnson, 1987; Holmes and Johnson, 1993; Delaney et al., 1997] , a shape repeated in the current axial high (Figure 4 ). Sediment thicknesses on terrain younger than 0.8 Ma vary between a few meters and several tens of meters [Holmes and Johnson, 1993] . Figure 3 . Bathymetry of the Endeavour Segment collected during the EW0207 seismic survey. Tracks of the seismic lines collected are labeled and shown using solid black lines. Red and yellow areas on Line 14 show axial magma chamber locations picked from the line 14 stack; red are more certain picks, and yellow are less certain picks. Black circles indicate locations of supergathers used to produce Figures 11 and 12. White diamonds show the locations of the ocean bottom seismometers used by Wilcock et al. [2002] . The location of the multichannel seismic reflection line shot by Rohr et al. [1988] , as reported by White and Clowes [1990] , is nearly coincident with our line 3. showing the location of the Endeavour segment (white box outlines location of Figure 3 ) and the plate boundary (black line). The Endeavour Segment is bounded to the north by the Endeavour overlapping spreading center (OSC) and to the south by the Cobb OSC. Inset shows tectonic setting of the Juan de Fuca Ridge, where JdF, Juan de Fuca Plate; Exp, Explorer Plate; Grd, Gorda Plate; and Pacific, Pacific Plate (black box outlines location of main map).
[7] The 25-km-long, 4-km-wide, and 300-m-high central axial volcanic ridge is rifted with a 0.8-to 1.4-km-wide axial graben (Figures 4 and 5 ). This axial graben deepens from north to south with 55-85 m relief at the latitude of the Salty Dawg vent field and 140-160 m relief at the latitude of the Mothra vent field (Figure 4 ) and is bounded by steep, inward facing normal fault surfaces [Karsten et al., 1986; Tivey and Delaney, 1986] . SeaMARC I sonar imagery of the shoulders of the ridge crest suggested overlapping asymmetrical bulbous lava flows dripping down the outer sides of the ridge and identified intense faulting and fissuring confined to the axial graben [Kappel and Ryan, 1986] . Alvin submersible and DSL120 deep-towed sidescan sonar observations confirmed that the youngest volcanic units in the axial valley are truncated by recent faulting [Tivey and Delaney, 1986; Delaney et al., 1992; Bhat et al., 1997] .
[8] These morphological details, combined with observations from other segments of the Juan de Fuca Ridge, were interpreted by Kappel and Ryan [1986] as supporting a model of episodic, volcanic construction with stages of ridge growth, summit trough collapse, and amagmatic axial extension and faulting, followed by renewed axial ridge growth. However, Karsten et al. [1986] noted that the shallowest portion of the Endeavour Ridge coincides with a broad plateau which marks the intersection of the Heckle Seamount chain with the ridge axis (Figure 2 ), suggesting long-term enhanced magma supply to that portion of the spreading axis. They also suggested that the north and south valleys located at either end of the Endeavour Ridge could be caused by diminished magma supply as magma flows along-axis from a central magma chamber under the shallowest portion of the ridge, in combination with the cooling effects due to thermal contrasts at the overlapping spreading centers at either end of the Endeavour Segment. More recently, Carbotte et al. [2006] have suggested that the periodic changes in seafloor relief moving away from the axis of the various Juan de Fuca Ridge segments could be attributed to variations in faulting controlled by magmatic, dike injection processes rather than the alternating tectonicmagmatic phases proposed by Kappel and Ryan [1986] .
Hydrothermal Activity
[9] Hydrothermal vent fields on the Endeavour Ridge have been identified through seafloor mapping, water column thermal and chemical anomalies, dredging, and submersible observations and sampling [Tivey and Delaney, 1986; Kadko et al., 1990; Delaney et al., 1992; Thomson et al., 1992; Robigou et al., 1993; Lilley et al., 1995; Bhat et al., 1997; Kelley et al., 2001] . Currently five large, hightemperature (300-400°C) vent fields have been identified [Kelley et al., 2002] , from north to south: Sasquatch [Kelley et al., 2003 ], Salty Dawg [Lilley et al., 1995] , High Rise [Robigou et al., 1993] , Main Endeavour [Tivey and Delaney, 1986; Delaney et al., 1992] and Mothra [Kelley et al., 2001] ( Figure 5 ). These high-temperature vent fields are on the order of 400 -500 m long and are spaced approximately every 2 -3 km along axis. All appear to be localized along major faults. Each vent field contains many tall (>20 m high) sulfide structures on top of which many smaller black smoker chimneys are found [Tivey and Delaney, 1986; Delaney et al., 1992; Robigou et al., 1993; Kelley et al., 2001 Kelley et al., , 2002 . Diverse biological communities containing tube worms, sulfide worms, palm worms, galatheid crabs, and a variety of snails and limpets are sustained by lower temperature fluids venting through porous chimney walls and sulfide structure flanges found on the vents [Sarrazin et al., 1997; Kelley et al., 2002] .
[10] Areas of diffuse, lower-temperature flow are present along-axis between these high-temperature vent fields ( Figure 5 ), suggesting nested subsurface circulation cells [Alt, 1995; Delaney et al., 1997; Kelley et al., 2002] . Magnetic anomalies give further evidence for the isolation of deep, high-temperature circulation from shallower lowtemperature circulation. High-resolution magnetic field data collected over the Endeavour axial valley reveal circular magnetization anomaly lows associated with known active and extinct hydrothermal vent complexes [Tivey and Johnson, 2002] . These circular anomalies were interpreted by Tivey and Johnson [2002] as the result of pipe-like zones of upward hydrothermal fluid flow under each vent system, each isolated through at least the magnetic layer (the top $500 m of the crust) due to ''armoring'' by silica deposition [Cann and Strens, 1989; Hannington et al., 1995; Tivey et al., 1999] .
[11] Off-axis heat flow measurements 3 -24 km perpendicular to the Endeavour Ridge imply that crust younger than 1 Ma continues to cool primarily by circulation of hydrothermal fluid in topographically controlled pathways associated with deep crustal faults.
Microseismicity
[12] Ocean bottom seismometer (OBS) deployments on the Endeavour Ridge have detected abundant small-magnitude ''microearthquakes'' which seem to be associated with activity underneath the hydrothermal vent fields [McClain et al., 1993; Wilcock et al., 2002 Wilcock et al., , 2004 . Earthquakes beneath the ridge axis are concentrated in a band of intense seismicity at 1.5 -3.5 km depth with fault mechanisms showing subhorizontal tension axes oriented in all directions except parallel to the ridge, indicating a stress field influenced by both ridge spreading and hydrothermal cracking [Wilcock et al., 2002] . Figure 5 shows the microseismicity observed in a 55-day OBS deployment in 1995 [Wilcock et al., 2002] . More recent observations show a sharp drop in microseismic activity to the north of the High Rise vent field, which seems to correlate with a reduced vigor of hydrothermal venting .
[13] Endeavour axial microearthquakes often occur in swarms, probably signaling either tectonic crustal-cracking events or magmatic diking events [McClain et al., 1993; Wilcock et al., 2002] . Correlations between microseismicity and black smoker visual activity, black smoker fluid temperature variations, and diffuse flow flux variations were first recorded by Delaney et al. [1990] . More recently, Johnson et al. [2000] reported on a 8 June 1999 earthquake swarm which was interpreted to be of tectonic origin and observed to correlate with vent temperature and inferred fluid flux increases. However, Lilley et al. [2003] presented evidence that chemical signatures in the vent fluids instead suggested a volcanic origin of the same microseismic swarm and Bohnenstiehl et al. [2004] interpreted hydroacoustic records of seismic swarms at Endeavour from March 1999 through January 2000 in terms of dike propagation.
Seismic Structure
[14] The only previous multichannel seismic reflection study of the Endeavour Ridge consisted of a single-cross axis line near the Main Endeavour vent field [Rohr et al., 1988] . This profile revealed a narrow ($1 km wide) midcrustal axial reflector at a two-way traveltime (TWTT) of $1.0 s, which was estimated to be 2.5 km below the seafloor. Since the low signal-to-noise of these data prevented determination of the polarity of the reflection and available refraction data [Cudrak et al., 1987] did not indicate major velocity anomalies under the axis, Rohr et al. [1988] interpreted this reflector as an increase in seismic velocity related to a vertical thermal gradient caused by a hydrothermal circulation boundary.
[15] Seismic refraction data collected on the SEISRIDG-85 survey of the Endeavour segment [Cudrak et al., 1987; Cudrak, 1988; White and Clowes, 1990; Cudrak and Clowes, 1993 ] also failed to find evidence for an axial magma chamber. Two-dimensional (2-D) traveltime tomography [White and Clowes, 1990] on a cross-axis line coincident with the reflection line of Rohr et al. [1988] was interpreted with a three layer upper crustal model with an abrupt velocity increase from 2.5 to 4.8 km/s 250 -600 m below the seafloor attributed to a metamorphic front in pillow basalts. A shallow low-velocity anomaly with magnitude <$0.45 km/s beneath the ridge was attributed to a zone of hydrothermal circulation. No evidence was found for a crustal magma chamber at 1.5-3.5 km depth below seafloor; however, the sensitivity of the experiment required a zone of partial melt of at least 1 km width and 1 km thickness to produce a detectable delay in traveltime arrivals for rays passing through or around the body. Two-dimensional velocity models of the crust [Cudrak and Clowes, 1993] revealed significant lateral variations in thickness and velocity of crustal layers 2a, 2b, and 2c which appeared to be random rather than distributed symmetrically about the ridge. These variations were attributed to variations in fracturing, hydrothermal circulation, and magmatic and/or deformational processes. Again no evidence for a large crustal magma body was found, but a small (0.1-0.2 km/s) velocity decrease along axis in seismic layer 3 was interpreted as a possible indicator of elevated temperature. [17] The MCS data for this study were collected using the R/V Maurice Ewing's 6-km-long, 480-channel Syntron digital streamer with hydrophone group spacing of 12.5 m, maintained at a depth of $7.5 m. The seismic source was a 3005 cubic inch air gun array, also towed at a nominal depth of 7.5 m, which fired every 37.5 m. For each shot, data were recorded for 10.24 s. A 4-ms sampling interval was used for lines focused on studying the ridge axis and a 2-ms sampling interval was used on the long, sediment-covered ridge flank lines which are presented elsewhere .
Data Acquisition and Processing
[18] Table 1 summarizes the processing sequence applied to the MCS data. Dip-moveout migration and dip filtering were performed on all cross-axis lines to eliminate sidescattered energy from seafloor topography [Kent et al., 1996] . The axis-parallel lines were associated with smoother topography and less scattering, which made prestack dip filtering unnecessary for these lines. Although dip filtering was not applied to the along-axis lines, our interpretation is limited to events that are consistent between the cross and along-axis lines, so we are confident that those events are not out-of-plane noise. A poststack finite difference time migration was applied to all cross-axis lines using the 1-D crustal velocity function compiled by Wilcock et al. [2002] from earlier Endeavour reflection and refraction seismic experiments [Rohr et al., 1988; Cudrak and Clowes, 1993] hung from the seafloor. We processed all of the Endeavour segment lines, but present only the most relevant subset in this paper.
Results
Along-Axis Seismic Structure 4.1.1. Layer 2a
[19] The stacked along-axis line 14 ( Figure 6 ) shows a strong continuous event throughout the line at a two-way traveltimes (TWTT) of 140-500 ms below the seafloor. We interpret this event as marking the base of seismic layer 2a, which probably corresponds to the transition from volcanic extrusives above to predominantly dikes below (layer 2b) [Harding et al., 1993] . The on-axis layer 2a is thin (140-270 ms TWTT) beneath the northern part of the Endeavour Ridge and then thickens systematically up to almost 500 ms TWTT south of the midsegment axial high (Figure 7 , top). The 2a event can be traced all the way to the northern end of line 14 but disappears to the south of the midsegment axial high. The southern disappearance of the layer 2a event may be related to the overlap between the Endeavour Segment and the Northern Symmetric Segment at the Cobb Offset (Figure 2 ).
AMC
[20] The line 14 section ( Figure 6 ) also shows a clear midcrustal reflection under the shallowest section of the spreading segment at two-way traveltimes of 0.9 -1.4 s below the seafloor. This reflector is interpreted as the top of an axial magma chamber reflection based on its polarity (presented below) and its similarity in geometry and reflection character to AMC reflections imaged and studied extensively along both the northern [Kent et al., 1993a [Kent et al., , 1993b Singh, 1997, 1998; Carbotte et al., 2000] and southern [Kent et al., 1994; Hooft et al., 1997] East Pacific Rise, along the Galapagos Spreading Center [Detrick et al., 2002b; Blacic et al., 2004] , at the Valu Fa Ridge, Lau Spreading Center [Collier and Sinha, 1992; Jacobs et al., 2003] , and along the Southeast Indian Ridge [Baran et al., 2005] .
[21] The AMC reflector appears segmented into four or five sections, from south to north between CMPs 5500 -6100 at two-way travel times (TWTTs) of 4.7 -4.4 s, between CMPs 6600 and 6950 at TWTTs of 4.2-4.1 s, between CMPs 6900 and 7100 at TWTTs of 4.2-4.1 s, between CMPs 7100 and 8300 at a traveltime of 3.9 -4.0 s, and a weak but possible AMC event between CMPs 8900 and 9500 at traveltimes of 4.1-4.3 s. The apparent overlap of the second and third events is likely an artifact of diffraction effects around the CMP 6900 -7100 event. CMP gathers of data in the CMP 8900-9500 range show some subseafloor reflections, but they are often overwhelmed by scattered energy from the seafloor and our identification of the northernmost event as an AMC reflection is therefore tentative. This gives the axial magma chamber a total possible along-axis extent of 16-24 km, depending on whether the weak, northernmost event is included. The reflections seem more characteristic of a segmented series of magma lenses than a continuous magma body; however, this could be an artifact of streamer feathering [Nedimovic et al., 2003 ], seafloor topography, or the inherent problems of imaging a narrow 3-D body with a single profile. The apparent length scale of the segmentation is consistent with that observed at other well-studied ridges [Collier and Sinha, 1992; Kent et al., 1993a; Hooft et al., 1997; Carbotte et al., 2000; Blacic et al., 2004; Baran et al., 2005] .
[22] The thickest axial layer 2a occurs above the deepest part of the AMC (Figures 6 and 7) . This is consistent with the predicted positive correlation between AMC depth and 2a thickness due to the ability of a magma lens under higher pressure to push more magma to the surface [Buck et al., 1997] . Such a correlation has also been observed at other ridges [e.g., Blacic et al., 2004] .
Cross-Axis Seismic Structure
[23] Figure 8 shows the full length of a single cross-axis stacked section (line 3), displaying the off-axis layer 2a variability and an example of weakly imaged Moho. Figure 9 shows the central portion of all the stacked sections which sample the Endeavour axial magma chamber (lines 3, 7, 21, 9, 22, and 8, from north to south), and Figure 10 shows the migrated versions of those same stacked sections. We present both the stacked and migrated sections because the AMC reflector is better imaged on the stacks while the layer 2a event is better imaged on the migrated sections. The migration process collapses diffractions from the edges of the magma chamber reflection but also introduces artifacts which make it more difficult to pick the subhorizontal AMC reflections. Seismic layer 2a events and AMC reflections are picked from the along and cross-axis lines and displayed along with bathymetry in Figure 7 .
Layer 2a
[24] A strong, continuous seismic layer 2a event can be seen on the stacked (Figures 8 and 9 ) and migrated ( Figure 10 ) seismic sections. Figure 7 shows that the mean layer 2a thickness perpendicular to the Endeavour Ridge is relatively constant with mean values for each line between 350 and 420 ms two-way travel time below the seafloor (TBSF) and standard deviations for each line ranging between 70 and 100 ms. These results are consistent with results of the seismic refraction study on the Endeavour Segment reported by Cudrak and Clowes [1993] . Visual inspection of Figure 7 shows some level of correlation between bathymetry and 2a thickness with thicker 2a sometimes occurring under the shallower bathymetry associated with the axis-parallel volcanic ridges. This is most clearly evident on lines 3, 7, and 9 where thicker 2a seems to occur under the volcanic ridge $7 -9 km to the west of the axis.
AMC
[25] The stacked and migrated cross-axis lines in Figures 8,  9 , and 10 show midcrustal AMC reflections at two-way traveltimes consistent with those of the AMC on the alongaxis line 14 ( Figure 6 ). The cross-axis AMC reflections are narrow (0.5 -1.2 km wide) and they tend to dip from shallower depths under the ridge axis to greater depths under the eastern flank of the ridge axis. Moving from north to south, the AMC events for lines 3, 7, 21, and 9 all appear at a range of two-way traveltimes between 0.9 and 1.1 s below the seafloor, while the AMC events are progressively deeper for line 22 (1.0 -1.2 s TBSF) and line 8 (1.1 -1.4 TBSF). This implies that magma chamber depths below the Salty Dawg, High Rise, and Main Endeavour vent fields are similar while the magma chamber beneath the Mothra vent field is significantly deeper, which is consistent with the AMC imaged on along-axis line 14 ( Figure 6 ).
[26] The AMC event has the highest amplitudes on line 3, which crosses the Salty Dawg vent field, and line 22, which crosses the axis between the Main Endeavour and Mothra vent fields. The event is weaker on the other lines. It is probable that large lateral velocity changes due to rough seafloor topography for the cross-axis lines result in complex raypaths that cannot be modeled using the simple twoway traveltime reflection equation that was developed for at most gently dipping stratigraphy and smooth continuous interfaces. This would lead to poor and variable signal alignment (from CMP to CMP) before stack and variable signal strength (from CMP to CMP and from one line to another) of the AMC reflection on stacked sections. Furthermore, we show that the AMC is dipping east on all cross axis lines, which may have a significant impact on the strength of the AMC reflection. Prestack migrations or three-dimensional seismic studies may be required to better image the amplitude variability between the different crossaxis lines.
Moho
[27] A Moho reflection is weakly visible in a few locations on the cross-axis lines 3, 7, 8, and 9. One specific example is highlighted in Figure 8 . In general, the Moho event appears at 2.0-2.3 s TWTT beneath the seafloor on the Endeavour cross-axis lines. This is consistent with the weak, very discontinuous, low-frequency Moho reflection event observed at 2.1-2. 
Velocity Analysis
[28] To determine the Endeavour Segment upper crustal velocity structure we modeled the traveltimes of the main seismic arrivals observed in the data. One dimensional upper crustal velocities were forward modeled [Zelt and Smith, 1992] at three on-axis locations along line 14 and two off-axis locations (Figure 3) . Two of the three on-axis locations were chosen to coincide with the Salty Dawg and Main Endeavour vent sites. The third was chosen at a location over the southern segment of the AMC in order to investigate possible differences between the main axialhigh magma body and the deeper reflector to the south. The two off-axis locations were modeled using data from the axis-parallel lines 13 and 15 in order to minimize data complexity due to topographic effects. Both off-axis velocity analysis locations are positions close to the line 3 profile (Figure 8) , one of the highest quality cross-axis profiles.
[29] To improve signal-to-noise ratios and to allow easier identification of the main seismic arrivals, fivefold constantoffset stacks (supergathers) were created at each location. For each supergather, the two-way traveltime of key arrivals were handpicked on all traces where they were visible (an example is shown in Figure 11 ). These events included the seafloor reflection, the retrograde refraction from the velocity transition at the base of layer 2a, and the refracted wave in seismic layer 2b on all supergathers. In addition, on the along-axis supergathers an intermediate event within layer 2a (labeled ''P1P'') and the reflection from the top of the midcrustal axial magma chamber reflector were identified and picked. The resulting velocity functions are shown in Figure 12 .
[30] Layer 2a thicknesses in our velocity models are systematically greater ($200 m) than the thickness observed in the seismic reflection sections at the location of the velocity models, probably due to difficulty in picking the first arrival on the supergather sections. The layer 2a velocities of our off-axis velocity models (2.50 -2.83 km/s) are comparable to those of the Cudrak and Clowes model (2.56 -2.76 km/s). Uppermost layer 2a velocities of our onaxis models are significantly slower (1.80 km/s on Main Endeavour and the Deep AMC supergathers, 2.06 km/s under Salty Dawg) than the off-axis 2a velocities. However, the on-axis velocities at the bottom of layer 2a are somewhat faster (2.47-3.45 km/s) than those off-axis.
[31] The Salty Dawg, Main Endeavour, and Southern AMC supergather velocity functions have total seismic layer 2a thicknesses of 530, 550, and 680 meters, respectively. The line 13 and line 15 supergathers have total layer 2a thicknesses of 650 and 520 meters, respectively. The depth to the axial magma chamber is 2.1, 2.1, and 3.2 km below the seafloor on the Salty Dawg, Main Endeavour, and Deep AMC supergathers respectively. The thickness of the axial magma bodies and the velocity structure below the AMC in Figure 12a are unconstrained by the traveltime modeling, since we have no reflectors beneath the AMC to give us further information about the velocity structure at depth.
Variation of Layer 2a Thickness
[32] Two-way traveltimes for layer 2a observed on the reflection profiles were converted into depth using our velocity functions (Figure 12 ). Figure 13 shows that the thickness of crustal layer 2a varies between 180 and 630 m on the along-axis line 14. The mean ± standard deviation 2a thickness on all the cross-axis lines is 500 ± 110 m, and results for each line are presented in Table 2 . Our results indicate that layer 2a thickness is highly variable without a clear pattern of off-axis thickening (Figure 14) . This is unlike the Cleft and Vance segments of the southern Juan de Fuca Ridge , the inflated portions of the Galapagos ridge [Blacic et al., 2004] , and the East Pacific Rise [Harding et al., 1993] where the 2a thickness is seen to increase significantly off-axis.
[33] The range of layer 2a thicknesses measured on the Endeavour Segment lines presented here is 90-880 m. We report layer 2a thicknesses throughout this paper as mean ± standard deviations because the extremes of this range are more likely representative of either the effects of faulting or imaging issues associated with steep bathymetry and the wide-angle nature of the 2a event than actual volcanic production of the ridge. This can be seen by examining Figure 13 , especially the profile of line 9, where the extremes of 2a thickness are seen to occur underneath the faults bounding the off-axis volcanic ridges. While the means and standard deviations are more useful for trying to understand systematic variations between seismic lines, it is important to note that faulting is probably one of the factors which contributes to the large variability observed in Endeavour layer 2a thickness.
[34] In addition to the faulting contribution to layer 2a variability, the axis-parallel bathymetric highs often appear to be associated with a thicker layer 2a (Figures 13 and 14) .
This correlation between bathymetric highs and thicker layer 2a is consistent with the banded Endeavour upper crustal velocities observed by Barclay and Wilcock [2004] which show a correlation between slower velocities and bathymetric highs. The regions of thicker layer 2a and bathymetric highs could correspond to the intermittent periods of magma supply predicted by the model of Kappel and Ryan [1986] . Alternatively, these regions could correspond to the axial volcanic rift (AVR) building phase of the Carbotte et al. [2006] model, which assumes more steady state magma supply and predicts periodic topography through the interaction between dike-induced stress perturbations and tectonic extensional stresses. (Figures 6 and 10) . Vertical dashed lines show the intersections of along and cross-axis lines. Gray cross marks on along-axis line 14 show the depth below the seafloor of layer 2a picks on cross-axis lines where they intersect with line 14 (from left to right, lines 8, 22, 9, 21, 7, and 3). Gray crosses show the depth below the seafloor of layer 2a from line 14 where it intersects each cross axis line. Picks were converted from two-way traveltime (TWTT) to depth using the on and off-axis average forward modeled supergather velocity functions Figure 12 as described in the text.
AMC Depth
[35] The depth profile of the magma chamber reflection was found by picking the AMC event on the line 14 stacked and the cross axis stacked and migrated lines and converting the two-way traveltimes into depth using the average layer 2b interval velocity from the three on-axis supergather velocity models (5.55 km/s), in combination with the depth of the layer 2a picks above each AMC pick. The map view locations of these AMC picks are plotted on Figure 3 . The depth of the AMC varies between 2.2 and 3.3 km below the seafloor on the along-axis line while the AMC depths on the cross axis lines vary between 2.1 and 3.1 km below the seafloor (details in Table 2 ).
[36] A 200 -600 m range of AMC depths is observed on each cross-axis line due to the dipping nature of the AMC reflector. Using the depth range and the width of each crossaxis AMC event, dips between 8 and 36°are calculated. The dips increase from the northern lines to the southern ones, which reflects the narrower AMC event on (southern) lines 22 and 8 and the greater depth range of the AMC picks from line 8 ( Table 2 ). The 36°dip calculated for line 8 is surprisingly high; however, it reflects picks from one of the weaker migrated AMC events ( Figure 10 ) and therefore may be exaggerated due to the difficulty in picking that event. The 22°dip calculated for line 22 represents a much more robust event ( Figure 10) ; however, its relative narrowness results in a much higher dip for AMC depth ranges similar to those observed on the northern lines.
Polarity of AMC Event
[37] The polarity of a near-vertical reflection is a diagnostic difference between a cracking front and a magma chamber interface. For a cracking front associated with the downward propagation of a hydrothermally active, thermally fractured regime into a hot but solidified region, an increase in seismic velocities is expected and a reflection from such an interface would be expected to have the same polarity as the first arrival reflection from the seafloor. For an interface of solid rock over a pure melt or partially molten magma chamber, the resultant decrease in seismic velocities results in a polarity reversal for near-vertical reflections.
[38] In order to test the polarity of the Endeavour AMC event, we took traces from the Salty Dawg supergather (Figure 11b ) with source-receiver offsets of 0 -1.5 km, applied an appropriate normal moveout correction, and summed the traces without applying any filtering at any stage. The result is shown in Figure 11a , where the seafloor reflection and the AMC reflection are highlighted and have opposite polarity, indicating that the AMC reflection is from a negative impedance contrast. The inversion of polarity between these two reflections reinforces our conclusion that the reflector we have identified as an axial magma chamber is not, as previously proposed, a cracking front boundary.
[39] We attempted an amplitude-offset analysis in the intercept time minus slowness (t À p) domain to quantify TBSF, time below the seafloor. Two-way traveltime is converted to depth using layer 2a (2.54 km/s on-axis and 2.63 km/s off-axis) and layer 2b (5.53 km/s) interval velocities derived from the supergather velocity functions (Figure 12 ). Layer 2a observations for each line are given as mean ± standard deviation, while AMC and Moho observations are given with the range of observations. the crystal versus melt content of the Endeavour AMC at the location of our three along-axis supergathers [e.g., Collier and Singh, 1997] . Unfortunately, the AMC reflection at offsets greater than 2 km is highly disrupted by side echoes from the axial graben walls (Figure 11b ), making it difficult to differentiate between the amplitude-offset behavior expected for pure molten and partially crystalline magma chamber models.
Discussion
Reconciling the Endeavour AMC With Previous Seismic Studies
[40] Previous seismic studies of the Endeavour Segment failed to definitively locate an axial magma chamber; however, the multichannel reflection profile collected by Rohr et al. [1988] does show the same midcrustal axial reflection at the same two-way traveltime that we image. It was not interpreted as an AMC reflection due to the uncertainty in the polarity of the AMC and the lack of a velocity anomaly in the available seismic refraction data.
[41] Previous seismic refraction data [Cudrak et al., 1987; Cudrak, 1988; White and Clowes, 1990; Cudrak and Clowes, 1993] were only sensitive to zones of partial melt (1.5 -2.0 km/s velocity reduction relative to surrounding 6.0-6.5 km/s P wave velocity) with cross-axis dimensions greater than 1 km wide and 1 km thick. This resolution would not be sensitive to a thin melt lens such as the AMC reported here (assuming the thickness of the Endeavour AMC is similar to that of the EPR melt lens [Collier and Singh, 1998; Kent et al., 1993a] ). However, the transition from layer 2c to layer 3 (commonly identified as the transition from sheeted dikes to gabbros formed by crystallization of the magma chamber) occurs at 2.01 km below the seafloor in the Cudrak and Clowes [1993] average onedimensional model, which is roughly coincident with the AMC depths we find in this study.
[42] This leaves the question of why previous refraction studies did not detect a low-velocity region, indicative of high temperatures and partial melt, in the lower crust as described for other magmatic spreading centers [e.g., Canales et al., 2000; Dunn et al., 2001] . The resolution tests for the Endeavour tomography of White and Clowes [1990] show significant smearing and poor resolution for features more than 1 km below the seafloor [see White and Clowes, 1990, Figure 14] . The forward modeling of Cudrak and Clowes [1993] did show a decrease by 0.1-0.2 km/s in seismic layer 3 velocities for seismic waves passing under the axial ridge and attributed this to elevated temperatures but not the presence of partial melt. A new tomographic study of the Endeavour ridge would be useful in distinguishing whether the apparent absence of an EPR-like lowvelocity zone under the Endeavour AMC in these prior studies is real or an artifact of data limitations.
Seismicity and the Axial Magma Chamber
[43] Hypocenters of well-located microseismicity from a 55-day deployment of 15 ocean bottom seismometers (OBSs) on the central Endeavour Ridge [Wilcock et al., 2002] are projected onto our stacked and migrated sections if they are within 0.5 km of our lines (Figures 6 and 10) . The positions of the OBSs used to locate the seismicity are shown in Figure 3 . We use the events which have been relatively relocated, meaning that closely spaced earthquakes with similar waveforms were cross-correlated to generate self-consistent traveltime picks whose relative errors are much smaller than the absolute errors of individual picks. This results in small relative location errors between events within a swarm (on the order of 100 m) while absolute hypocenter location errors remain on the order of 0.5 km.
[44] Most axial earthquakes are concentrated in a depth range of 1.5-2.7 km. These depths are translated to a twoway traveltime range of 0.7-1.1 s below the seafloor with the velocity function that was used in locating the hypocenters. The seismicity is mostly clustered above the AMC reflector. The appearance of seismicity occurring within the (presumably nonbrittle) regime of the magma chamber is an artifact of location uncertainties and the projection of 3-D event locations onto 2-D lines, which ignores the topography of the dipping magma chamber observed in all crossaxis lines (Figure 10) . A 3-D graphic of the seismic lines and the seismicity is available at the Ridge 2000 Data Portal (http://www.marine-geo.org/link/entry.php?id=JdF:Endeavour_VanArk).
[45] In general, the seismicity is distributed diffusely within the observed depth range; however, the cross-axis line which underlies the Salty Dawg vent field also shows seismicity localized along a steeply dipping fault-like plane. The diffuse axial seismicity localized above the AMC reflector may indicate cracking activity in a conductive lid above the melt lens. This would be consistent with the observation that focal mechanisms for axial earthquakes had subhorizontal tension axes oriented in all directions except parallel to the ridge, interpreted as indicating a stress field influenced equally by ridge spreading and hydrothermal cooling [Wilcock et al., 2002] .
[46] The axial seismicity seems to be confined to the region above the shallowest portion of the magma chamber (Figures 6 and 10) , with much activity beneath the Salty Dawg and High Rise vent fields, a little below the Main Endeavour vent field, and no events beneath the northernmost (Sasquatch) and southernmost (Mothra) vent fields. This may, however, be a sampling bias induced by the seismometer array geometry, variable instrument coupling to the seafloor within the array, and short 2-month time span of the OBS study. Preliminary results of the new Keck Observatory on the Endeavour Ridge show a similar cluster of hypocenters, but the cluster seems to have moved south slightly with more activity under the Main Endeavour and Mothra vent fields and less under the Salty Dawg vent field.
[47] For two similar experiments in 1995, Endeavour segment microearthquakes were both more numerous and deeper than those observed at the East Pacific Rise, yet the earthquake activity at the two ridges seemed to have similar source mechanisms. In a 3-month OBS deployment at 9°50 0 N on the EPR, Sohn et al. [1998 Sohn et al. [ , 1999 detected 283 local microearthquakes which were found to have seismic moments of 10 7 -10 9 N m (moment magnitude M % À1 -0). At the Endeavour segment, 1750 microearthquakes with moments of 10 9 -4 Â 10 13 N m (moment magnitude M % 0 -3) were located by Wilcock et al. [2002] with data from a shorter, 55-day OBS deployment. The EPR hypocenters were located above the 1.5 km deep AMC reflection imaged at that location, clustered between 0.7 and 1.1 km depth. The focal mechanisms and the correlation of earthquake swarms with changes in the chemistry of vents above them suggest that the EPR microseismic events arise from thermal stresses at the base of the hydrothermal system in the shallow crust [Sohn et al., 1998 [Sohn et al., , 1999 . The Endeavour Segment microseismicity is also clustered above the observed magma chamber and also has focal mechanisms suggestive of a thermal cracking mechanism. However, because of the greater depth of the Endeavour AMC, the axial earthquakes are correspondingly deeper [Wilcock et al., 2002] . Preliminary results from more recent OBS experiments at the EPR [Weekly et al., 2005] and Endeavour indicate that seismicity rates vary greatly over time and are likely related to temporal changes in stress and thermal conditions above the magma lens.
Hydrothermal Activity and the Axial Magma Chamber
[48] Our results show that all five large, high-temperature Endeavour hydrothermal vent fields are underlain by an axial magma chamber (Figures 6 and 10) . We therefore looked for correlations between the geometry and properties of the AMC and the location and activity of the vents. The focusing of Endeavour seismicity and hydrothermal vents above the shallowest part of the AMC (Figure 6 ), combined with the cracking focal mechanisms of the microseismic events might reflect a ''chimney effect'' with upflow of hydrothermal fluid channelled predominantly above the shallowest areas of the magma chamber heat source. However, a hydrographic survey of the Endeavour ridge [Veirs et al., 1999] found possible hydrothermal sources south of Mothra as far as 47°54 0 N. More exploratory studies looking for high-temperature hydrothermal outflow and their vent sources above the deeper, southern portion of the AMC (CMPs 6600 -6950 on Figure 6 , latitudes 47°52.2 0 -47°53.8 0 N) would help to determine whether the apparent focusing of hydrothermal flow above the shallowest portion of the AMC is real or merely a sampling artifact.
[49] There is no simple relationship between Endeavour magma chamber depth and vent temperatures and chlorinities (Table 3) Delaney et al., 1997; Kelley et al., 2002] . The AMC is approximately the same depth range ($2.1-2.4 km on each cross-axis line) beneath all the Endeavour hydrothermal vent fields except Mothra (2.5 -3.1 km), and the range of published temperatures and chlorinity values within each well-sampled vent field is as large as the differences between the fields. There might be a correlation between lower CO 2 values at Mothra and the deeper AMC below that location (Table 3 ). More observations would be useful to constrain this possible relationship. There is no clear correlation between published methane concentrations at the various vent fields and AMC depth. While many more chemical components of vent fluids have been studied within specific vent fields, especially the Main Endeavour vent field , cross-field observations on the large spatial scale necessary for comparison with Endeavour AMC depths have not been published.
[50] In general, our preliminary comparison suggests that AMC depth is not a dominant factor in determining vent fluid properties. In particular, temperature and chlorinity are probably controlled instead by phase separation, subsurface mixing of hydrothermal fluids and seawater, and other complexities of the circulation path through the crust Delaney et al., 1997; Bach and Humphris, 1999; Kelley et al., 2002] . A recent study has tied the 1999 earthquake swarms to magmatic volatile signatures in Main Endeavour vent fluids , which indicates that magmatic diking and eruption activity may influence vent fluid properties even if the depth of the magma chamber does not [see also Butterfield and Mossoth, 1994; Butterfield et al., 1997; Von Damm, 2000] .
Ridge System Comparisons
[51] Table 4 presents a comparison of on-and off-axis layer 2a thickness and axial magma chamber depth and width for the fast spreading East Pacific Rise (EPR) [Kent et al., 1993b [Kent et al., , 1994 Hooft et al., 1997; Carbotte et al., 2000] and four intermediate spreading systems: the Juan de Fuca Ridge (our Endeavour segment results ), the Southeast Indian Ridge (SEIR) [Baran et al., 2005] , the Galapagos Spreading Center (GSC) [Detrick et al., 2002b; Blacic et al., 2004] , and the Lau back-arc spreading centers [Jacobs et al., 2003 ].
[52] The Endeavour axial layer 2a thickness is greater in magnitude and variability than that of the EPR and the Vance and Cleft segments of the Juan de Fuca Ridge; however, it is similar to that of the GSC, the portions of the SEIR with a rifted axial high, and the Central Lau Spreading Center (CLSC). The Endeavour axial layer 2a is thinner than that found on the portions of the SEIR with a shallow axial valley and the Eastern Lau Spreading Center and Valu Fa Ridge (ELSC/VFR). While off-axis 2a thickening is observed for most of the ridge systems presented in Table 4 , the Endeavour layer 2a cross-axis variability shows Temperature in°C and chemistry (chlorinity, carbon dioxide concentration, and methane concentration in mmol/kg) are organized from south to north and compared to average seawater values Kelley et al., 2002] and the depth of the axial magma chamber (AMC) under each vent field in kilometers.
no such clear pattern, the western portion of the GSC has limited off-axis 2a thickening, and the rifted axial high and shallow axial valley portions of the SEIR [Baran et al., 2005] are not observed to have significant off-axis layer 2a thickness increases.
[53] Why does layer 2a thicken off-axis on some ridge systems and not on others? Several authors have suggested that the difference is due to the interplay between magma supply and ridge topography [Mutter et al., 1995; Carbotte et al., 1998; Blacic et al., 2004; Canales et al., 2005] . The ridge topography is controlled by a combination of tectonic extension, flexure, and volcanic construction. In turn, the slope of the axial high and the depth of the axial summit graben promote or hinder the flow of volcanic eruptions offaxis which leads to layer 2a thickening. Large variability in off-axis 2a thickness is found on the parts of the GSC which have a narrow (<0.8 km) AMC [Blacic et al., 2004] , perhaps reflecting lower magma supply. This is similar to the variability observed on all the cross-axis Endeavour lines, independent of AMC width.
[54] The range of AMC widths observed at many different places on the mid-ocean ridge system (Table 4) seems to be a relatively constant $0.5-1.5 km, with values as low as 0.25 and as high as 4.15 on the EPR [Kent et al., 1993b [Kent et al., , 1994 Hooft et al., 1997; Carbotte et al., 2000] . Our Endeavour AMC width observations of 0.5-1.2 km fall within this range. The lack of correlation between spreading rate and AMC width stands in contrast to AMC depth observations, which do seem to inversely correlate with spreading rate [Purdy et al., 1992] . The southern portion of the EPR (full spreading rate >15 cm/yr) has the shallowest AMC depths [Hooft et al., 1997] while the non -hot spot influenced western portion of the GSC (full spreading rate 4.5-5.6 cm/yr) has the deepest AMC observed to date [Blacic et al., 2004] . The Endeavour AMC is significantly deeper than the fast spreading AMC depths, but comparable to depths found along other intermediate spreading ridges with similar ridge morphologies.
[55] A combination of spreading rate and ridge morphology seems to be a better predictor of subsurface similarities between ridges than spreading rate values alone. The Juan de Fuca Ridge has similar spreading rates to the Galapagos Spreading Center and the Southeast Indian Ridge; however, those ridge systems are both heavily influenced by nearby mantle temperature anomalies. The eastern portion of the GSC is strongly influenced by the Galapagos hot spot [Detrick et al., 2002b; Blacic et al., 2004] , while the SEIR has strong changes in ridge morphology and subsurface crustal structure correlated with distance from the Australian Antarctic Discordance area of cold mantle [Baran et al., 2005] . The Endeavour segment crustal structure is similar to portions of those ridges, but only where the ridge morphology indicates a similar thermal state in the crust and upper mantle.
Intermediate Spreading Ridge Heat Extraction
[56] The existence of a magma chamber beneath the Endeavour Ridge indicates that heat is supplied at this , the Galapagos Spreading Center (GSC) [Blacic et al., 2004] , the Southeast Indian Ridge (SEIR) [Baran et al., 2005] , the Lau back-arc spreading system [Jacobs et al., 2003] , and the East Pacific Rise (EPR) [Kent et al., 1993b [Kent et al., , 1994 Hooft et al., 1997; Carbotte et al., 2000] . The full spreading rate for each ridge system is also given [Wilson, 1993; DeMets et al., 1994; Blacic et al., 2004; Baran et al., 2005] . Dashes indicate that the appropriate measurement was not available for that system. intermediate spreading ridge by the same magmatic source as at fast spreading ridges such as the East Pacific Rise. There is no need to invoke a cracking front propagating down into and mining heat from an area of hot but unmolten rock in the lower crust [Wilcock and Delaney, 1996] . The observed differences between small, short-lived, magmatically controlled hydrothermal systems on the EPR and larger, longer-lived, fault-controlled hydrothermal systems on the Endeavour Segment still require explanation, however. We propose a hybrid model of heat extraction for intermediate spreading ridges which combines the magmatic heat source of the fast spreading ridge and the faultcontrolled hydrothermal circulation of the slow spreading ridge model (Figure 1) . However, the source of the faulting remains a subject of debate.
[57] In general, the observed Endeavour magma chamber depths are consistent with model predictions from numerical studies relating half spreading rate to depth to the top of a steady state magma lens through the thermal balance between heat supply from magmatic crustal injection and cooling due to hydrothermal circulation [Phipps Morgan and Chen, 1993; Chen and Lin, 2004] . These models depend on the supposition that magma rises within the oceanic crust due to buoyancy forces or viscous pressures until it reaches a freezing horizon where it ponds into a quasi steady state magma lens. The axial morphology and faulting above the magma lens are a function of the thermal structure, which determines the thickness of the axial lithosphere and therefore the yield strength of the axial lithosphere as it is pulled apart. According to this model, the Endeavour axial summit graben and the faults which bound it and provide permeability pathways for the hydrothermal circulation are the result of tectonic extensional stresses interacting with a cooler upper crust due to a deeper magma chamber.
[58] Another model for the evolving axial topography on the Juan de Fuca Ridge emphasizes the contribution of dike intrusion to subsidence and fault slip at the seafloor due to feedback between the rheology of the crust above a magma sill and dike intrusion [Carbotte et al., 2006] . Within the framework of this model, the faulting related permeability pathways which sustain Endeavour's massive, hightemperature hydrothermal vent fields are a result of the interaction between the regional tectonic extension and stress perturbations due to dike intrusions from the axial magma chamber. The tensional regime of this model could lead to the higher microseismicity levels on Endeavour discussed in section 5.2. That small-scale fracturing is needed to keep the upgoing hydrothermal pathways open in the face of ongoing quartz precipitation in the upwelling portion of the hydrothermal system [Wilcock and Delaney, 1996] .
[59] A final paradox is presented by the Wilcock and Delaney [1996] estimate that the heat flux from the Main Endeavour vent field is between 5 and 50 times the steady state heat flux necessary to solidify and cool a 6-km-thick crust. They calculate that mining this amount of heat from a 2-km-wide AMC would require a conductive boundary only $1-m-thick, which they interpret to be implausibly thin. One possible resolution is that the heat flux has been overestimated, or that the portion of the ridge which is cooled by the subsurface circulation cell supplying each vent field has been underestimated. Another possible solution is that the cracking front model proposed by Wilcock and Delaney [1996] is locally correct on the margins of the imaged magma chambers, perhaps resulting in the apparent segmentation of the Endeavour AMC (although that could also be an artifact of streamer feathering, topographic effects on the data or attempting to image a narrow threedimensional body with a one-dimensional line). Possible issues with the flux estimate may be resolved by further heat flux measurements and modeling, while the possible segmentation of the Endeavour AMC would be fully revealed with a three-dimensional multichannel seismic reflection survey.
Conclusions
[60] Multichannel seismic reflection data gathered on the Endeavor segment of the Juan de Fuca Ridge during July 2002 reveal the presence of a crustal magma body underlying all five known hydrothermal vent fields of the Endeavour segment. The magma body is relatively deep (2.1 -3.3 km) and narrow (0.4 -1.2 km wide), and appears to be segmented into multiple crustal magma lenses adding up to a total along-axis distance of 16-24 km.
[61] The polarity of the reflection from the top of the AMC combined with similarities to well-studied AMC events at other ridges confirms that the reflection is due to a decrease in seismic velocities at the top of a magma chamber rather than a hydrothermal cracking front. Microseismicity within 0.5 km of the axis is mostly confined to a region above the shallowest portions of the AMC. We interpret the thermal cracking focal mechanisms of the microseismic events as hydrothermal circulation penetrating into a conductive lid above a magma lens which is continually replenished with new magma from below. Cross axis lines show the magma chamber to be dipping from the west to the east, with the vent fields located over shallower portions of the AMC.
[62] The AMC is approximately the same depth (dipping from $2.1 to 2.4 km) beneath all the Endeavour hydrothermal vent fields except Mothra (2.5 -3.1 km), and the range of temperatures and chemistry values within each wellsampled vent field tends to be larger than the differences between the fields. Our results suggest that AMC depth is not a dominant factor in determining vent fluid properties, which are probably controlled instead by phase separation, subsurface mixing of hydrothermal fluids and seawater, and other complexities of the circulation path through the crust.
[63] Hydrothermal systems at the intermediate spreading Endeavour Segment, like those at fast spreading ridges, appear to be driven by heat extraction from a crustal magma body. Morphological, hydrothermal, and seismic differences between the intermediate spreading Endeavour and the fast spreading EPR are attributable either to the greater depth of the Endeavour AMC and the correspondingly cooler, more brittle shallow crust overlying the magma chamber or to faulting controlled by dike intrusions from the axial magma chamber.
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